The crystallization of glasses and amorphous solids is studied in many fields to understand the stability of amorphous materials, the fabrication of glass ceramics, and the mechanism of biomineralization. Recent studies have found that crystal growth in organic glasses can be orders of magnitude faster at the free surface than in the interior, a phenomenon potentially important for understanding glass crystallization in general. Current explanations differ for surface-enhanced crystal growth, including released tension and enhanced mobility at glass surfaces. We report here a feature of the phenomenon relevant for elucidating its mechanism: Despite their higher densities, surface crystals rise substantially above the glass surface as they grow laterally, without penetrating deep into the bulk. For indomethacin (IMC), an organic glass able to grow surface crystals in two polymorphs (α and γ), the growth front can be hundreds of nanometers above the glass surface. The process of surface crystal growth, meanwhile, is unperturbed by eliminating bulk material deeper than some threshold depth (ca. 300 nm for α IMC and less than 180 nm for γ IMC). As a growth strategy, the upward-lateral growth of surface crystals increases the system's surface energy, but can effectively take advantage of surface mobility and circumvent slow growth in the bulk. C rystallization is a ubiquitous process, producing countless solids in the natural and man-made world. Glasses and amorphous solids are formed by avoiding crystallization while cooling liquids, condensing vapors, or drying solutions. The solidity of a glass might suggest resistance to crystallization; its very existence implies that crystallization is avoidable. And yet glasses can crystallize, sometimes surprisingly fast. The crystallization of glasses is of interest in many fields for understanding the stability of amorphous materials (1), the fabrication of glass ceramics, and the mechanism of biomineralization, for which crystallization of amorphous solid precursors is considered a key step (2).
C rystallization is a ubiquitous process, producing countless solids in the natural and man-made world. Glasses and amorphous solids are formed by avoiding crystallization while cooling liquids, condensing vapors, or drying solutions. The solidity of a glass might suggest resistance to crystallization; its very existence implies that crystallization is avoidable. And yet glasses can crystallize, sometimes surprisingly fast. The crystallization of glasses is of interest in many fields for understanding the stability of amorphous materials (1) , the fabrication of glass ceramics, and the mechanism of biomineralization, for which crystallization of amorphous solid precursors is considered a key step (2) .
Recent studies have discovered that different modes of crystal growth can emerge as a liquid is cooled to form a glass (3) (4) (5) (6) (7) (8) , causing crystal growth fronts to advance at velocities much faster than predicted by standard theories. One such growth mode [the glass-to-crystal (GC) mode] exists in the bulk and can cause an increase of crystal growth rate by a factor of 10 4 with a temperature drop by a few kelvin (3, 4) . Another new growth mode occurs at the free surface and can lead to much faster crystal growth than in the bulk (5) (6) (7) (8) . Although these phenomena have been observed prominently in organic glasses, they may be relevant for understanding glass crystallization in general. These phenomena seem to have counterparts in nonorganic glasses, but differences are also evident. Fast crystal growth is known for metallic glasses and amorphous silicon, but the abrupt activation of GC growth is reported only for organic glasses. Surface-enhanced crystal growth occurs in amorphous selenium (9) and silicon (10, 11) , but is considered nonexistent for metallic (12) and silicate (13) (14) (15) glasses.
This study concerns the mechanism of surface-enhanced crystal growth of glasses. Current views differ on how crystal growth rate should change on going from the bulk to the surface of a glass. Some focus on the consequences of growing higher density crystals in lower density glasses (16) (17) (18) (19) This process, according to one model (16) , creates an elastic strain and lowers the thermodynamic driving force and the rate of crystallization. The effect is believed to diminish on going from the bulk to the surface, resulting in faster crystallization at the surface. In contrast, Tanaka argues that the stress around a crystal growing in a glass "should provide the free volume to the particles surrounding the crystal, increase their mobility, and help further crystallization" (17) . According to this model, crystal growth should be slower at the surface. Another view of surface crystallization (5, 6, 10, 11) focuses on the greater molecular mobility at glass surfaces, which has been inferred from various experiments (20) (21) (22) . Here the reasoning is that if crystal growth rate is limited by molecular mobility, the enhanced mobility at surfaces can accelerate crystal growth. In yet another view, the different packing of molecules at the surface is believed to alter the rate of crystallization (19) .
We report here a feature of surface-enhanced crystal growth that may be central for understanding the phenomenon. We have observed that surface crystals rise substantially above the glass surface as they grow laterally, without penetrating deep into the bulk. For indomethacin (IMC) [1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indole-3-acetic acid], a model organic glass able to grow surface crystals in two polymorphs, the growth front can be hundreds of nanometers above the glass surface. The process of surface crystal growth, meanwhile, is not perturbed by eliminating the bulk material deeper than some threshold depth (ca. 300 nm for the α polymorph and less than 180 nm for the γ polymorph). The upward-lateral growth of surface crystals is not anticipated by current theories. As a growth strategy, it increases the system's surface energy, but can effectively take advantage of surface molecular mobility and circumvent slow growth in the bulk. This finding may be relevant for understanding the crystallization of glasses and amorphous solids in general.
Results and Discussion
Microstructures of Surface Crystals: Upward-Lateral Growth. Two polymorphs (α and γ) can crystallize at the surface of an IMC glass. The structures of these polymorphs are known (23, 24) and both are denser than the glass (25) . Fig. 1 and Fig. 2 show typical images collected with light microscopy (LM) and atomic force microscopy (AFM) of α and γ IMC grown at the surface of a 15-μm thick film at 40°C (2°C below the glass transition temperature T g ). Both polymorphs formed circular polycrystalline patches ("cylindrites") observable in a few days. Polymorphs were identified using Raman spectra, melting points, and crystal morphologies. Through a light microscope, the crystals of α IMC appeared more opaque than those of γ IMC; its growth front comprised individual fibers protruding into the amorphous region. In contrast, crystals of γ IMC were more transparent and had smoother growth fronts. This article is a PNAS Direct Submission. 1 Saginaw Valley State University, Department of Chemistry, University Center, MI 48710. 2 To whom correspondence should be addressed. E-mail: lyu@pharmacy.wisc.edu.
AFM measurements consistently showed that the glass surfaces were smooth with an rms roughness of a few nanometers. There was no difference between an uncrystallized glass surface near a growing crystal and one that was far away. AFM measurements showed that the fibers of α IMC at the growth front were hundreds of nanometers high above the amorphous surface ( Fig. 1 C and D) . On the surface of an α IMC cylindrite, AFM identified fibers of similar dimensions with an rms roughness of ca. 100 nm. For α IMC, the growth of surface crystals apparently occurs by the extension and branching of crystal fibers that are above the amorphous surface.
In comparison to α IMC, the growth front of γ IMC was smoother and not segregated into individual fibers ( Fig. 2 A  and B) . The morphological difference between α and γ IMC is anticipated from their structures (23, 24) ; for example, the standard Bravais-Friedel-Donnay-Harker model predicts that single crystals of α IMC grow as rods elongated along b and those of γ IMC grow as prisms approximately equally developed in all dimensions. Despite having a different morphology, the γ IMC growth front was also higher than the glass surface, by ca. 100 nm ( Fig. 2 B and C) . A crystallized region of γ IMC had smoother texture than that of α IMC with an rms roughness of ca. 50 nm.
Side-View Observation of Surface Crystal Growth. The process of surface crystallization was observed from the side to assess the depth of penetration of surface crystals as they grow laterally. For this experiment, liquid IMC was spread between two coverslips by capillarity and cooled to room temperature (T g − 20°C) to make a glass disc 40 μm thick. This glass disc had its top and bottom surfaces in contact with coverslips but its side surface exposed to air, where surface crystallization could occur. Surface crystallization began spontaneously or upon scratching with a tungsten needle. Fig. 3A shows the progress of the surface crystal growth of γ IMC at 40°C. Viewed between crossed polarizers, these crystals appeared bright against a dark background. As crystal growth progressed along the side surface, little growth occurred into the amorphous interior. This result indicates that crystal growth was much faster at the surface than in the bulk. The aspect ratio of the surface crystal layer indicates that the bulk growth was approximately 1,000 times slower. The surface crystal growth rate of γ IMC from this experiment [log u ðin m∕sÞ ¼ −8.91 AE 0.06] agrees with that previously measured using glasses with large exposed surfaces (5) .
The thickness of the propagating surface crystal layer was too thin to be accurately measured by LM. This experiment yielded only an upper bound of a few micrometers for this thickness, which is the combined result of the light microscope's resolution and the thickness of the glass disc (ca. 40 μm). The actual thickness of the surface crystal layer could be smaller.
In this experiment, scratching always nucleated γ IMC, while crystals of α IMC could appear spontaneously. Polymorphs were identified by Raman microscopy and by heating the sample to fully crystallize amorphous IMC and analyzing the crystals formed adjacent to the surface crystals. Under our conditions, γ IMC crystals were slightly more visible than α IMC crystals, perhaps a result of their higher birefringence. The low visibility of α IMC crystals led to occasional observations that the growth of γ IMC crystals would apparently stop, because they had run into difficult-to-see α crystals. The obstructing α crystals were revealed on closer examination or by heating the sample so that they grew larger. The same upper bound of a few micrometers was placed on the thickness of α IMC surface crystals. Surface Crystal Growth in Glass Films of Different Thicknesses. We varied the thickness of amorphous IMC films (50 nm-15 μm) to assess the dependence of surface crystal growth on the amount of bulk material underneath. Fig. 4A shows that crystals of α IMC grown in films thicker than ca. 300 nm had similar morphologies (including the height and width of crystal fibers as determined by AFM) as those grown in the 15-μm thick film, whereas crystals grown in thinner films had different morphologies. In films thinner than 220 nm, the crystal fibers were less dense, allowing identification of individual fibers, and were surrounded by white, highly reflective areas (Fig. 4B ). These white areas were the bare Si substrate exposed by dewetting. This crystallization-induced dewetting was confirmed by AFM. Fig. 4C shows the AFM image of a crystal fiber of α IMC grown in a 50-nm thick film. This crystal is surrounded by the bare Si substrate. The finger pattern between the exposed Si and amorphous IMC is characteristic of dewetting. Fig. 5A compares the processes of surface crystal growth in two films of different thicknesses. In the 410-nm thick film, crystal growth yielded a compact and nearly circular surface cylindrite and the growth front advanced at a constant rate u. In the 100-nm thick film, crystal growth yielded a loose network of resolvable fibers and the growth front advanced more slowly and at uneven speeds. For this film, it is difficult to report a single growth rate and an average linear growth rate was calculated from the increase of the area covered by crystals. We found that the growth rate in the 100-nm thick film was significantly slower than that in the 410-nm thick film and decreased over time. Fig. 5C summarizes the data on the effect of film thickness on crystal growth rate for α IMC. The crystal growth rate changes little with film thickness until it decreases below ca. 300 nm. For the thinner films, Fig. 5C reports the early stage faster growth rates. In this study, crystals grown in spin-coated films were mainly α IMC, but γ IMC could be observed occasionally. This polymorph tended to nucleate from a narrow band of material at the edge of spin-coated films, where the material was thicker and rougher. We did not observe γ IMC in films thinner than 180 nm. Whenever observable, γ IMC crystals had similar morphologies and growth rates [log u ðm∕sÞ ¼ −8.8] as those grown in the bulk film (5) (Fig. 5D) , and no crystallization-induced dewetting was observed.
This study has found that surface crystals on an IMC glass rise hundreds of nanometers above the glass surface as they grow laterally. The upward-lateral growth is by no means obvious for the surface crystallization of glasses given that the crystals are denser than the glass and that such a growth process increases the system's surface area and surface energy. A similar crystal growth process has been observed in vapor-deposited amorphous silicon films (ca. 100-nm thick) annealed in ultrahigh vacuum (10) . In the latter system, hemispherical grains tens of nanometers in radius grow at the surface of amorphous silicon upon annealing at 500-600°C, well below the melting point of amorphous silicon (1,100°C, ref. 26 ). It is significant that similar upward-lateral growth characterizes the surface crystallization of two systems that differ in solid-state bonding, crystal microstructure, and annealing temperature.
Depth of Penetration of Surface Crystals at the Growth Front.
Although our AFM measurements have determined the height of surface crystals above the IMC glass, data are still lacking on the depth of these crystals, besides an upper bound of a few micrometers from optical microscopy. To understand the process of surface crystal growth, it is pertinent to ask how deep surface crystals penetrate into the bulk. For this inquiry, the question should be posed for crystals at the growth front, where new growth occurs, because crystals behind the front would be expected to thicken over time as they grow into the bulk.
We recall the observation that the process of surface crystal growth is not perturbed by reducing the glass thickness to a few hundred nanometers (300 nm for the growth of α IMC and <180 nm for γ IMC). This observation suggests that at the steady state, an advancing growth front does not have a substantial portion beneath the surface. If that portion is, for example, 1 μm deep, one would expect that the growth process be perturbed upon reducing the glass thickness to 1 μm. We also recall the fact that crystal growth in the bulk IMC glass is approximately 1,000 times slower than at the surface. Thus, as the raised crystals advance across the surface, the concurrent growth into the bulk would be substantially slower. Finally, we note that in the case of amorphous silicon, surface crystals have been observed to rise above the amorphous surface without penetrating deep into the bulk (10) . It is our view that the same picture holds for our system. This conclusion clearly depends on the large difference between surface and bulk crystal growth rates: If the two rates are comparable, a growth front at the surface can well penetrate deep into the bulk.
How do Crystals Grow Hundreds of Nanometers Above Glass Surface?
One could imagine different mechanisms of material transport resulting in upward-lateral growth of crystals, according to whether molecules arrive at the crystals through the bulk, across the surface, or from the vapor and whether they join the bottom of a crystal, lifting it up (as in the growth of tin whiskers, ref. 27), or the side or top of a crystal. If vapor-phase transport sustains the growth of surface crystals on an IMC glass (Fig. 6, Arrow V) , the growth rate u is not expected to exceed the rate of vapor deposition, which is the same as the rate of desorption u des for a sample surrounded by a stagnant vapor. At 40°C, u≈1 nm∕s, whereas u des ≈0.001 nm∕s [measured by following vacuum desorption with a quartz crystal microbalance (28)]. Vapor-phase transport therefore cannot sustain the steady-state growth of IMC surface crystals.
If bulk-phase transport sustains the growth of surface crystals on an IMC glass (Fig. 6, Arrow B) , the growth should not stop after the surface is covered with crystals because there is still amorphous material underneath. But the surface morphology is apparently "frozen in" once a growth front passes the region. Moreover, the time required for the surface crystal to gain one layer of molecules at 40°C (ca. 1 s for u≈1 nm∕s) is substantially shorter than the time required for an average molecule to diffuse the distance of its diameter in the bulk liquid near T g [typically 100 s (28)]. We believe that surface transport (Fig. 6, Arrow S) is the most likely for supplying molecules to sustain the growth of surface crystals. This mechanism is consistent with the observations that fast crystal growth occurs only at free surfaces, that coating the surface with 10 nm of gold or 3-20 nm of polymer eliminates the fast crystal growth (6) , and that the expected rate of surface diffusion (a few orders of magnitude faster than bulk diffusion) is plausibly rapid enough to support the observed rate of crystal growth.
Concerning where molecules join a growing crystal, because a growing α IMC fiber lengthens over time, the growth-at-bottom mechanism (hair-like growth) would involve elevation of new growth sections relative to stationary already grown sections, yielding a product with incoherent sections and grain boundaries and intermediate products with uneven heights. None of these features were observed. The most plausible scenario for the upward-lateral growth of IMC surface crystals appears to be that crystallizing molecules originate from the glass surface, are drawn to the crystal by its lower chemical potential, and deposit at growth sites either at or above the glass surface. This model of surface crystal growth can resolve the apparent paradox (13) that the mobile surface layer is only a few nanometers thick but the propagating surface crystal layer is hundreds of nanometers thick.
Implications for Current Models of Surface-Enhanced Crystal Growth.
It is of interest to evaluate the various models of surfaceenhanced crystal growth against its known properties, including the findings of this study. To recap the experimental observations: crystal growth in glasses can be much faster at the surface than in the bulk; surface crystal growth can be inhibited if the surface is in contact with another material (a silicate coverslip, a 10 nm layer of gold, or a 3-20 nm layer of polymer) (6); surface crystals can rise hundreds of nanometers above the glass surface as they grow laterally; and the propagating surface crystal layer can be hundreds of nanometers thick.
We now consider three models of surface-enhanced crystal growth, namely, those that attribute the phenomenon to a reduction of crystallization-induced stress or strain at surfaces (16, 19) , to surface molecular mobility (5, 6, 10, 11), or to the different molecular packing at surfaces (19) . In choosing these models for analysis, we have regarded it as unlikely that the surface crystallization of IMC glasses is caused by other effects proposed (12) . For example, surface oxidation (or some other chemical modification) seems irrelevant because the growth mode exists in both dry air and vacuum; surface contamination seems unimportant because IMC glasses prepared by liquid cooling, spin-coating, and vapor deposition show similar crystal growth rates at the surface; and IMC being a pure substance, component segregation is irrelevant.
In the tension-release model, the process of growing higher density crystals in lower density glasses is thought to cause stress (19) or strain (16) in the system and the effect is believed to diminish on going from the bulk to the surface, resulting in faster crystal nucleation and growth. This type of model may have difficulty explaining the fact that surface-enhanced crystal growth is inhibited comparably by coatings of different moduli (gold, polymer, or silicate glass) and thicknesses (3 nm to 1 mm) (5, 6). Schmelzer and coworkers (16) model a surface crystal as a spherical cap with its flat face level with the glass surface and the remainder buried in the bulk. This picture would be invalid for IMC, whose surface crystals rise above the glass surface as they grow laterally and do not penetrate deep into the bulk. For such a system, crystallization-induced tension, if present, must be evaluated differently.
The surface mobility model of surface crystallization attributes surface-enhanced crystal growth to the higher mobility of surface molecules (5, 6, 10, 11) . This model can explain the inhibition of surface-enhanced crystal growth by coatings of different materials and thicknesses, which presumably quench surface molecular mobility to bulk levels. This model is consistent with the upward-lateral growth of surface crystals. In fact, this growth process provides a natural solution for the apparent difficulty of explaining the formation of surface crystals on the micrometer scale by the transport of molecules in a mobile surface layer only a few nanometers thick. In this model, crystallizing molecules would be drawn continuously to the crystal, climb up, and deposit themselves at growth sites.
Because the packing of molecules at the glass surface can be different from that in the bulk (surface reconstruction), it might be speculated (19) that this difference could lead to faster crystal growth at the surface. This scenario would be plausible if the surface crystal layer was only a few nanomters thick but seems unlikely for a system like IMC, whose surface crystal layer can be hundreds of nanometers thick.
Generality of Surface-Enhanced Crystal Growth. Attributing surfaceenhanced crystal growth to released tension or enhanced mobility at surfaces implies the generality of the phenomenon. Because the phenomenon occurs in such diverse materials as amorphous silicon and organic glasses, does it also occur in other materials? Why is it considered absent in metallic (12) and silicate (13) (14) (15) glasses? We first note that the surfaces of some solids are so easily oxidized or otherwise chemically altered that surface-enhanced crystallization might not be easily observed. In fact, it is only in ultrahigh vacuum that the surface crystal growth was observed in amorphous silicon (10, 11) . Second, some studies of glass crystallization were in fact conducted in the liquid state to shorten observation times. These studies might not observe surfaceenhanced crystal growth if the phenomenon is more pronounced in glasses. Finally, a fast bulk mode of crystal growth (GC mode) has been observed to emerge in some organic liquids near the glass transition temperature, causing an abrupt increase of crystal growth rate (3, 4) . For such systems, surface-enhanced crystal growth could be less noticeable. It is conceivable that under suitable conditions, more cases of fast crystal growth at free surfaces could be observed.
Concluding Remarks
This study has identified a feature of surface-enhanced crystal growth of glasses that may be important for understanding the phenomenon, namely, that surface crystals rise substantially above the glass surface as they grow laterally, without penetrating deep into the interior. For IMC, an organic glass able to grow surface crystals in two polymorphs (α and γ), the growth front can be hundreds of nanometers above the glass surface. The surface growth process, meanwhile, is unperturbed by eliminating the bulk material deeper than some critical depth (ca. 300 nm for α IMC and less than 180 nm for γ IMC). In films thinner than 300 nm, growth morphologies and growth rates of α IMC were altered by crystallization-induced dewetting. The upward-lateral growth observed with the organic glass IMC has a counterpart in a substantially different system: amorphous silicon thin films annealed in ultrahigh vacuum.
The upward-lateral growth of surface crystals is by no means obvious given that the crystals are denser and that the process increases the system's surface energy. This property of surface crystal growth suggests a general mechanism that takes advantage of surface molecular mobility and circumvents slow growth in the bulk. In this model, crystallizing molecules would be drawn continuously to the crystal, climb up, and deposit themselves at growth sites. This model is significantly different from other models of surface crystallization in discussion; for example, the tension-release model and the surface-ordering model. Our finding is relevant for understanding the crystallization of glasses or amorphous solids in developing stable amorphous materials, fabricating glass ceramics, and controlling biomineralization. Further understanding of surface-enhanced crystal growth could benefit from high-resolution, real-time microscopy measurements that elucidate the mechanism of crystal growth, from the study of surface molecular mobility for organic glasses that exhibit the phenomenon, and from critical tests of the various models.
Materials and Methods
IMC (γ polymorph) was purchased from Sigma-Aldrich and used as received. Morphologies of surface crystals were examined with an LM (Olympus BH2-UMA) and an AFM (Veeco Multimode IV Scanning Probe Microscope). The AFM was operated in both the contact and the tapping mode at 1 s per line; a typical scan covered a 10 × 10 μm 2 area. Before AFM analysis, a 10-20 nm gold coating was applied to the sample by sputtering to halt surface crystal growth. A Raman microscope (Thermo Scientific DXR) was used to identify polymorphs (29) .
IMC glasses of thicknesses 50 nm-15 μm were prepared. The 15-μm thick film was prepared by melting crystalline IMC at 175°C between two microscope coverslips, cooling the liquid film to room temperature, and removing the top coverslip. Films thinner than 500 nm were prepared by spin-coating (Laurell spin coater WS-400-6NPP-LITE). IMC solutions in ethanol were coated on Si wafers (525-μm thick with 2-3 nm native SiO 2 ) by spinning at 2,000 rpm (occasionally 1,000 and 3,000 rpm) for 60 s. The resulting films had uniform interference colors, which correlated with their thicknesses. The films were dried overnight in vacuum at room temperature. A few films were prepared by physical vapor deposition onto substrates held at 42°C (T g ) at a rate of 1.5 Å∕s. No difference was observed in the rate or morphology of crystal growth in vapor-deposited and spin-coated films of the same thickness. Fig. 7 shows the thicknesses of amorphous films obtained by spin-coating IMC solutions of different concentrations (2-12.3 wt %). Film thickness was measured by ellipsometry (Rudolph AutoEL II nulling ellipsometer operating at 405, 632, and 830 nm or J. A. Woollam spectroscopic ellipsometer) and with a Quartz Crystal Microbalance (QCM) (Stanford Research System QCM200). For ellipsometry, polarized light was incident on a thin film at a 70°incidence angle, and the reflectance of s-and p-polarized light was recorded. The data was fitted with a Cauchy film model to yield the film's index of refraction and thickness. From data on 10 films of different thicknesses, the index of refraction of the IMC glass at 20°C was found to be: nðλÞ ¼ A þ B∕λ 2 þ C∕λ 4 , where λ is the wavelength in nanometers (400-1,000 nm), A ¼ 1.601 AE 0.003, B ¼ 0.013 AE 0.002, and C ¼ 0.0007 AE 0.0003. For QCM, a film was coated directly on the QCM sensor and its thickness was calculated from the mass reported by the QCM, the sensor area, and the density of IMC glass (1.31 g∕cm 3 ) (25) .
